Introduction
In recent years molecular electronics research has generated considerable interest [1] . New conductive organic molecules have been synthesized to create molecular devices. Formation of self-assembled monolayers (SAMs) from such conductive organic molecules has also been reported. As one of the most fundamental and important properties of electrical conduction of molecules, many interesting studies examine electron transfer along the molecular axis using scanning probe microscopy (SPM) [2] , mechanical break junction, and nanogap electrode techniques. Bumm et al. [3] evaluated and discussed the conductance of single molecules embedded in insulative SAM films using scanning tunneling microscopy (STM). However, electrical conduction estimation of adsorbed molecules using STM is quite complicated compared to other techniques such as using a break junction or nanogap electrode in which case the electrode is directly attached to the molecules. While it is possible to estimate molecular conduction using scanning tunneling spectroscopy (STS) [4] , it is difficult to minimize the effect of the tunneling gap between the STM tip and molecules on the molecular conductance measurements.
In this study, we measured the electrical conduction of SAMs made from several kinds of viologen derivatives with thiol groups, using an STM tip. Our objective was to understand the molecular structural effects on the electrical conduction of the monolayer. We also obtained single molecule resistance and measured the STM image of single molecule SAMs.
Experimentals
We used the following viologen derivatives such as VC 10 SH(2.1nm), HSC 8 VC 8 SH(2.8nm), and HSC 10 VC 10 SH (3.35nm ). An atomically flat Au (111) surface was epitaxially grown on Si by vacuum deposition under a base pressure of about 1.8 × 10 -6 Torr. The Si was preheated at 440 for ℃ 30 min before deposition. After deposition, the substrate was annealed at 550 for 8 h to obtain large ℃ terraces on the Au surface. The flatness of the terraces on the Au surface was checked by STM and found to be atomically flat over 200 nm. SAMs were prepared on Au (111), which had been thermally deposited onto freshly cleaved, heated Si. The Au (111) substrate was exposed to a 1 mM solution of VC 10 SH, HSC 8 VC 8 SH, and HSC 10 VC 10 SH, respectively in DMF for 24 hours to form a monolayer.
We used STM to check the surface topography. STM images were obtained with a Unisoku Instruments USM-1200 unit operating in ultra high vacuum. The current-voltage (I-V) measurement was applied under the condition that the sample was biased at -2.0 to +2.0 V, which used a constant current mode. Fig. 1 shows I-V characteristics of the VC 10 SH, HSC 8 VC 8 SH, and HSC 10 VC 10 SH SAMs. Fig. 2 shows the dependence of the tunneling resistances on the molecular length of the SAMs. The resistances (R) were estimated from the slopes of the I-V characteristics. The estimated monolayer resistances of VC 10 SH, HSC 8 VC 8 SH, and HSC 10 VC 10 SH SAMs were 1.3 × 10 8 Ω, 3.6 × 10 9 Ω, 3.8 × 10
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9 Ω, respectively
Where R 0 , β, and d are the effective contact resistance, the decay constant of the transconduction, and the molecular length (thickness of monolayer), respectively [2] . The β includes information on the total effective barrier height of the STM tip/molecule/Au tunneling junction.
When both the R 0 and the SAMs thickness are known, the β value can be estimated by measuring only the monolayer resistance. In this case, the β values were estimated by inserting the R 0 , resistance and thickness value of the viologen molecules into the equation (1) [5] . We estimated the R 0 value from the zero intercept of the resistance vs molecular length plot. We adopted an R 0 value of 0.97 × 10
8 Ω estimated from our data. Using equation (1), we estimated β values of the VC 10 SH, HSC 8 VC 8 SH, and HSC 10 VC 10 SH SAMs to be 0.48 nm -1 , 0.42 nm -1 , and 0.35 nm -1 , respectively. Also, we can calculate the effective barrier height using the following equation (2) [5]: (2) Where m and φ are the electron effective mass and the effective barrier height, respectively. When we used m=0.16m * as effective mass of electron through phenylene oligomers, the total effective barrier heights φ of these molecules were calculated to be 1.37 × 10 -2 eV (VC 10 SH), 1.05 × 10 -2 eV (HSC 8 VC 8 SH), and 0.73 × 10 -2 eV (HSC 10 VC 10 SH), respectively.
The band edges were defined by extrapolating the generalized conductivity dI/dV-V. The energy gap (E g ) was defined by the distance between the slopes of the band edges of the negative region and positive region. This gives a E g of 1.60 eV (VC 10 SH), 2.21 eV (HSC 8 VC 8 SH), and 2.52 eV (HSC 10 VC 10 SH) for the SAMs. Fig. 3 shows the energy diagrams for STM tunneling.
Conclusions
We have investigated the molecular structural effect of electrical conduction on viologen derivative SAMs using the UHV-STM technique. With all of the SAMs, resistances through the monolayers exponentially increased with increasing molecular length. The estimated monolayer resistances of the viologen derivatives VC 10 SH, HSC 8 VC 8 SH, and HSC 10 VC 10 SH SAMs were 1.3 × 10
8 Ω, 3.6 × 10 9 Ω, 3.8 × 10
9 Ω, respectively and the decay constants of transconductance β were ca. 0.35 to 0.48 nm -1 . This gives a E g of 1.60 eV (VC 10 SH), 2.21 eV (HSC 8 VC 8 SH), and 2.52 eV (HSC 10 VC 10 SH) for the SAMs. We confirmed the influence of the alkyl group between the thiol and viologen (N,N'-dialkylbipyridinium) on electrical conduction. When eight or ten alkyl groups were introduced, the estimated monolayer resistances increased to about 3.6 × 10 9 Ω and 3.8 × 10
9 Ω, respectively. This phenomenon may be caused by the change in the location of the molecules. 
